Abstract The ecological environment of three aquatic rodents was studied in the French Ardennes region. Two species, the coypu (Myocastor coypus) and the common muskrat (Ondatra zibethicus), are invasive. By contrast the native European beaver (Castor fiber) was extirpated from the region, subsequently reintroduced, and currently is protected. The aim of this study was to compare the ecological requirements of these three species and predict their future range distributions. We studied the relationship between the species and describe the characteristics of waterways and riparian vegetation in 29 sampling sites. Coypus and muskrats were observed in a variety of riparian habitats and their probability of detection appeared to be independent of waterway width, bank height or bank slope. The availability of numerous herbaceous plants, known to be consumed by these species, may facilitate their settlement. Muskrats are widespread on the French Ardennes waterways, but coypus have not yet colonised the northern part of the region. On the other hand, the beaver was observed primarily in the widest waterways with high banks, where woody plant species, such as Betula, Carpinus and Fraxinus, are found in abundance. Potentially favourable sites for beaver and coypu settlement were analysed to suggest appropriate management according to each species' status. However, the number of sample sites is weak, especially for sites with beaver, limiting our conclusion.
Introduction
Identifying species' requirements is a critical ingredient to developing sound management and conservation plans Lorvelec and Pascal 2005; Parker 2008) . Ecological niches are defined by the relationships between organisms and the physical and biological environments, taking into account both time and space (Shea and Chesson 2002) . Native biological diversity can be threatened by nonnative organisms that expand beyond their previous range (i.e. 'biological invasion', Williamson 1996) and cause significant damage (i.e. 'invasive species ', IUCN 1999) . For example, invasive herbivores can significantly Communicated by H. Kierdorf T. Ruys : A. Marre alter vegetation structure and ecosystem functions in recipient communities (Danilov 1992; Manchester and Bullock 2000; Vázquez 2002; Baldwin and Pendleton 2003) . Invasive species may also represent novel competitors or predators of native species, and as such, they can significantly alter the multidimensional space of native species' niches (Shea and Chesson 2002) . For example, there is no niche partitioning between the nonnative grey squirrel (Sciurus carolinensis) and the native Eurasian red squirrel (Sciurus vulgaris). As a result, both species compete for food when resources are limited (Wauters et al. 2002a ) and European red squirrel experience a decrease in body mass and relative fitness (Wauters et al. 2002b ). So there is always a link between biological invasions and interspecific competition (Valéry et al. 2008) . Investigations into the niche of invasive species allows researchers not only to predict the habitats in which they are likely to settle but also to anticipate potential antagonistic interactions with native species (Mack et al. 2000; Kolar and Lodge 2001; Pascal et al. 2006) . Such information can also inform restoration efforts, such as the return of the native European otter (Lutra lutra) in England that is significantly related to the decline of the introduced American mink (Mustela vison; McDonald et al. 2007 ).
The coypu (Myocastor coypus) and the common muskrat (Ondatra zibethicus) are originate from North and South America, respectively. Both species have been repeatedly introduced into multiple European countries (Willner et al. 1980; Carter and Leonard 2002) . These two aquatic rodents modify wetland ecosystems through grazing and facilitate the establishment of invasive plant species by creating open areas (Johnson and Foote 1997; Higgins and Mitsch 2001; Prigioni et al. 2005) . Their burrows lead to the collapse of river banks and dikes and can damage of crops (Allen and Hoffman 1984; Jouventin et al. 1996 , Panzacchi et al. 2007 ). Moreover, the coypu is considered amongst the world's 100 worst invasive alien species (Lowe et al. 2000) . For this reason, these two invasive species are considered as pests in countries where they have been introduced such as in France (Le Louarn and Quéré 2003) . On the other hand, the European beaver (Castor fiber) is a native aquatic rodent to France. Only a few individuals survived in southern France at the end of the XIX (Rouland 1991 ) and this population served as a source for subsequent reintroduction efforts in the XX (Rouland 1991) . Beavers were extirpating from the French Ardennes region, the XVII, due to hunting, but returned in the late 1990s through a nonofficial reintroduction in Belgium close to the French border. From 1998 to 2003, a Belgian association released 101 beavers (from Germany) into the Belgian-and possibly the FrenchArdennes region (Libois 2006) . Beavers then recolonised the Ardennes region from North to South following the Meuse River, which flows through Belgium and France (Leau and Léger 2006) . In the same region, muskrat fur farms were present at the end of the 1920s. Both voluntary and accidental releases of muskrats resulted in the colonisation of the whole hydrographic system of the French Ardennes region from North to South over a period of 50 years (Pascal et al. 2006) . Coypus arrived in the 1990s, following the Aisne River, a large river in the South of the Ardennes, and colonised in 20 years the whole region except for its northern part (Léger 2007) .
Muskrats and coypus are officially classified as pests due to the damage they can cause (Le Louarn and Quéré 2003) . The beaver is viewed as an ecosystem engineer and most scientists and land managers consider the species as a key component of the native riparian ecosystem. The species constructs dams, which create wetlands that increase the abundance of herbaceous plants and favours the reproduction of taxa such as dragonflies, amphibians and wildfowl (Wright et al. 2002; Rosell et al. 2005) . For humans, the beaver can be considered a useful river manager because it maintains vegetation levels and therefore vegetation cover; the resulting wetlands serve as buffer areas that limit the impacts of flooding and pollution etc. (Baguette 1994; Müller-Schwarze and Sun 2003) . However, an ecosystem engineer can also disrupt riparian ecological functions (Nolet and Rosell 1998) . Beavers can be seen as problematic because they forage on woody tree species cultivated by man, such as poplar groves or orchards. Dam construction can also result in local flooding (Breck et al. 2003; Schwoerer et al. 2008) . In southern South America, for example, the North American beaver (Castor canadensis) is considered an invasive ecosystem engineer. There, beavers can alter the velocity of streams, change the landscape from forests with Nothofagus to grass-and sedge-dominated meadows and construct dams that lead to increases in herbaceous species richness and also invasive plant species (Anderson et al. 2006 (Anderson et al. , 2009 . Consequently, the beaver can be seen as an ecosystem engineer, provided that it stays within its historical range. In such cases, reintroductions are compatible with habitat restoration. By contrast, beavers introduced outside of their native range can be seen as a source of habitat alteration. Coypus and muskrats are most certainly alien and invasive species in the French Ardennes region, but not the reintroduced beaver. During the process of colonisation in areas where it was formerly native, the European beaver probably overcame a reproductive filter, which subsequently allowed it to disperse. This was likely easier than overcoming all filters described by Richardson et al. (2000) for exotic plants. According to Colautti and MacIsaac (2004) and Valéry et al. (2008) , invasive species populations have to be locally dominant. According to this definition, the European beaver is not an invasive species because the French Ardennes population is not locally dominant. It is simply in a spreading stage. Due to its historic brush with extinction, the European beaver is protected in France and classified in Appendices II and IV of the Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and wild fauna and flora. The national redlist (IUCN and National Museum 2009, http://www.uicn.fr/IMG/pdf/Dossier_presse_Lis-te_rouge_ mammiferes_de_metropole.pdf) considers the species of "least concern" (LC). The beaver is an essential component of French and European biodiversity. This reintroduction is not debated in France as in other countries (Macdonald et al. 1995) .
French environmental managers have to reconcile the management of these three aquatic rodents: on one hand, a reintroduced and protected species; on the other hand, two alien and unwanted species (Table 1 ). This situation comes within a context of wildlife management and restoration in riparian ecology.
The spread of coypus and beavers is recent and ongoing. The early stages (Williamson 1996) have already occurred: these include the arrival of a species in a new locality and its success in establishing itself there as a viable population.
Here, we had the opportunity to study a contemporary invasion process. It could be useful to find sustainable solutions with an integrated ecological management program (De Nooij et al. 2004) . The objectives of this study were to identify and compare ecological habitat characteristics of the three species. A better understanding of each species' environment might allow one to predict future range expansions, to favour beaver populations and to limit the spreading of coypus and muskrats.
Study area
The French Ardennes region ("Ardennes" hereafter; 5,246 km 2 ; 40-50°N, 1.4-3.5°E) is affected by oceanic and some continental influences (yearly average temperature 9°C; annual rainfall 850 mm; Fig. 1 ). It can be divided into three geomorphological areas and two hydrographic basins. Salix spp., Populus spp.
Other components
The northern part, a schist massif (average elevation 300 m) has a colder climate than the other parts and is covered by a dense coniferous forest. The hilly central part is devoted to breeding and farming of cows and sheep. The southern region, calcareous and warmer than the two previous regions, has crop farming.
The two parts of the hydrographic system are the northeastern one with the Meuse River and its tributaries belonging to the Meuse River basin and the southwestern one with the Aisne River and its tributaries belongs to the Seine River basin (Bazin 2004; Fig. 1) .
Methods

Data sampling
A number of 29 waterways were sampled, each 500 m long and 20 m wide perpendicular from the water to the land (Fig. 2) . This length corresponds, according to literature, to an optimal size of survey for muskrat, coypu and beaver territories along waterways (Robicheaux 1978 in Jouventin et al. 1996 Willner et al. 1980; Müller-Schwarze and Sun 2003) . The minimum distance between two sites was 2 km, although most sites are generally separated by at least 5 km. Sampled sites were chosen to capture regionally variation in hydrography. Abiotic and vegetation data were measured once at each site, between April and August 2007, so fall and winter requirements were not studied here. Nine abiotic variables were measured (Willner et al. 1980; Erôme 1982; Allen 1983; Allen and Hoffman 1984; Woods et al. 1992; Corriale et al. 2006) . Water depth, bank height, bank slope, ground texture (silty, organic or sandy) and ground structure (agregate or compact) were measured every 100 m (from 0 to 500 m) on each bank, i.e. 12 measures for each sampling site. Waterway width (using a range finder) and water velocity were measured twice: at the beginning and at the end of each waterway section. Waterway gradient and altitude, the most upstream point, were measured precisely using the Geographic Information System (GIS, Arcview GIS 1996 Version 3.2). Plant taxa were studied by surveying areas of 500×20 m on each bank. Plant identification was done in the field or in the laboratory when needed. So "taxa" is a species or, when the plant could not be identified to species, a genus. Abundance-dominance plants and their height were estimated visually and classified from 1 to 5, respectively: 1 <5%; 2 5-25%; 3 25-50%; 4 50-75%; 5 75-100% and 1 0-40 cm; 2 40-100 cm; 3 100-200 cm; 4 200-500 cm; 5 >500 cm. Ten sites were sampled but excluded from the study because of their inaccessibility and doubt about the species' presence. Finally, 29 sampling sites were kept, of which 11 had the muskrat alone (muskrat sites), 13 had muskrats and coypus (muskrat-coypu sites), 2 had beavers and muskrats and 3 had beavers, muskrats and coypus. These two last groups were joined in beaver-muskrat-coypu sites (N=5; Fig. 2 ). The four northern sites, with beavers and muskrats, were considered as "potentially favourable for the coypu" even though they were outside its current distribution, because the species might potentially settle there following waterways (a sites in Fig. 2 ). In order to discuss beaver colonisation, we selected sites on the Aisne River where ecological conditions seemed similar to those of the Meuse River sites where the beaver is present. Amongst the 29 initial sites, we selected three sites on the Aisne River used by coypus and muskrats. These sites were considered as "potentially favourable sites for beavers" because the species could settle there by following waterways, even though they were outside its current distribution area (b sites in Fig. 2 ). Every sampling site had at least one species. In cases where a single species was observed, it consisted of the muskrat. Sites without muskrats exist in the French Ardennes but there was not enough to compare to other sites with rodents. Consequently, the choice was made to consider muskrat sites as a baseline for comparisons with coypu and beaver sites. Sites were first selected using reports of the French game and wildlife national office [French Office National de la Chasse et de la Faune Sauvage (ONCFS)], wildlife managers, naturalists and hunters in the last 2 years. ONCFS rangers work in the whole French Ardennes region. The presence or absence of the species was then checked by a field research of rodent activity signs (prints, burrows, droppings or food marks). Beaver activity was associated with cut trees or branche, whereas scattered unionid shells were interpreted as a reliable indication of muskrat (Hanson et al. 1989; Leau and Léger 2006) . Information was compiled using GIS. This method of investigation has advantages (large covered area and observations by experienced rangers, which implies reliable data) but also disadvantages (sampling not standardised and incomplete).
A number of 11 sampling sites belong to Natura 2000 areas and three were close to Natura 2000 areas (<500 m; Fig. 1 ). Of these sampling sites, two were beaver-muskratcoypu sites, five were muskrat-coypu sites and four were muskrat sites. Natura 2000 sites are integrated into an ecological European network to preserve biodiversity by maintaining or restoring habitats. Protected areas in the Ardennes include Special Protection Areas (SPA, strictly protected sites classified in accordance with Article 4 of the Directive 79/409/EEC of 2 April 1979 on the conservation of wild birds) and Special Areas of Conservation (SAC, strictly protected sites designated under the Directive 92/43/ EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora).
Statistical analyses
The relationship between mammals and habitat structure (such as abiotic and vegetation characteristics of waterways) was explored using canonical correspondence analysis (CCA) with the software CANOCO (Ter Braak 1987). CCA is a canonical ordination method developed to directly relate multivariate ecological data matrices. This method assumes that species have unimodal distribution along environmental gradients. It generates a diagram that displays approximate values of the weighted averages of species or sites with respect to the supplied explanatory variables, represented by arrows that point in the direction of factors with maximum variation (Ter Braak and Verdonschot 1995; Bernez et al. 2004) . Arrows allow to directly visualise main ecological factors responsible for biological structures. From all explanatory variables, the best predictors were selected by a forward selection procedure, which is a multivariate extension of the stepwise regression method (Ter Braak 1990) . For each CCA, a Monte Carlo simulation of both first axis eigenvalue and trace (i.e. the sum of all canonical eigenvalues) was used to test significance of analysed effects (Ter Braak 1990) . The two matrices created were 'macrophyte taxa' × 'sampling sites' (response variable) and 'environmental variables' × 'sampling sites' (explanatory variables).
Following the method of Fustec and Cormier (2003) , abundance-dominance values were transformed into mean vegetation cover: (1) 2.5%, (2) 12.5%, (3) 37.5%, (4) 62.5% and (5) 87.5%. Height values were transformed into mean vegetation height: (1) 20 cm, (2) 70 cm, (3) 150 cm, (4) 350 cm and (5) 500 cm. A total of 186 riparian plant taxa were identified, from which 131 were used in the analysis because they were present in a minimum of 3 out of the 29 sites. We used nonparametric Mann-Whitney test (StatXact 1989 (StatXact -1997 Version 3.1), which is based on median equality and does not assume Gaussian distribution or equal standard deviations, to compare current beaver sites to other sites, current beaver sites to potential beaver sites, current muskrat-coypu sites to current muskrat sites and current muskrat-coypu sites to potential coypu sites.
Results
The Ardennes waterways vary from wide deep rivers or alluvial valleys to narrow waterways pinned between cultivations and meadows. The riparian area of our survey is characterised by a patchy structure, with a common biodiversity dominated by ruderal and/or ubiquitous species: trees and shrubs (Alnus glutinosa, Salix spp., Fraxinus excelsior and Prunus spinosa) and herbaceous plants (Urtica dioica, Poaceae spp., Filipendula ulmaria, Ranunculus repens and Callitriche obtusangula).
The eigenvalues of the first two canonical axes explained 13.3% to 17.5% of the total floristic variability and 34.5% to 60.8% of the species-environment relationships, which correspond to typical levels in hydrobiological studies (Bernez et al. 2004 ). The manual forward selection procedure of the CCA retained four environmental variables: altitude, waterway width, bank height and bank slope ( Fig. 3 ; Table 2 ). Discriminative plant taxa were: Betula spp., Pinaceae, Ribes rubrum, Circaea lutetiana, Cynosurus cristatus, Dipsacus pilosus, Fallopia japonica, Juncus effusus, Lycopus europaeus, Origanum vulgare, and Zea mays. Common plants were Salix spp., A. glutinosa, Crataegus spp., F. excelsior, Poaceae, Hedera helix, Rubus fructicosus, Cirsium arvensis, Carex panicula, Calystegia sepium, Iris spp., Hypericum spp., Taraxacum spp. Lythrum salicaria and Equisetum fluviatile. Height and abundancedominance plants were not correlated with rodent's presence-absence from any angle.
Beaver
The multidimensional analysis pointed out a homogeneous group of four river sites that are beaver-muskrat-coypu sites (Fig. 3a) . The sites were wider (59 vs. 17 m, p<0.01) Fig. 3 Canonical correspondence analysis of actual sites with European beaver, coypu and muskrat in the French Ardennes region. Acronym given in Table 2 . a Filled squares are muskrat-coypu sites (N=13), filled diamonds are sites with beaver and muskrat (N=2), filled diamonds and empty squares are sites with beaver, muskrat and coypu (N=3), hollow circles are sites with common muskrat alone (N=11). b Triangles are plant taxa but were not distinct from other sites in terms of their bank height (183 vs. 126 cm) or number of plant taxa (53 vs. 45; Table 4 ). Eighteen woody genera were found in beavermuskrat-coypu sites (Table 3 ). In beaver-muskrat-coypu sites, Betula spp. and Carpinus spp. are significantly more present and are more abundant (p<0.001 and p<0.05, respectively) but F. excelsior is only more abundant (p< 0.05) than in other sites without beaver. Finally, species of Pinaceae are more present (p<0.05) in beaver-muskratcoypu sites than in sites without beaver. In beaver-muskratcoypu sites, 11 plant taxa are predominant in the CCA analysis ( Fig. 3b) : Betula spp., Malus spp., Carpinus spp., Pinaceae, and herbaceous: F. japonica (invasive species), Polypodium spp., Tanacetum vulgare, O. vulgare, Epilobium angustifolium, Lathyrus pratensis and Achillea millefolium. The four last species are found in a majority of beavermuskrat-coypu sites. There is no difference in the values of abundance-dominance plants between beaver-muskratcoypu sites and other sites without beaver (Table 4 ).
Coypu and muskrat
As the muskrat was present in every sampled site, it was removed from the CCA analysis. Muskrat-coypu sites are widespread and no abiotic variable stands out (Fig. 3a) . Coypu is indifferent to waterway width variations (3-71 m) and bank height variations (18-200 cm; Table 4 ). Common plant taxa did not change in muskrat and muskrat-coypu sites even if beaver-muskrat-coypu sites (N=5) and woody species (N=18) are excluded from the CCA analysis. These plants are Angelica sylvestris, C. sepium, Glechoma hederacea, R. fructicosus, Cirsium vulgare, H. helix, Taraxacum spp., Crepis spp., Dactylis glomerata, other Poaceae, Rumex crispus, and E. fluviatile. Tests with abiotic and vegetation variables did not show a significant difference between muskrat-coypu and muskrat sites (Table 4 ) and no plant taxa are predominant in the CCA analysis.
Potential for beaver to colonise the South of the Ardennes
The second widest waterway, apart from the Meuse River where beavers are already present, is the Aisne River in the South of the Ardennes (Fig. 2) . Compared to beavermuskrat-coypu sites, potential beaver sites have narrower waterways (35 vs. 59 m, p<0.05) and steeper bank slopes (66°vs. 47°, p<0.05). However, bank height is similar (164 vs. 183 cm; Fig. 4a ). The number of herbaceous and woody species did not differ between potential beaver sites and beaver-muskrat-coypu sites. Amongst the 18 woody genera taken into account, Betula is absent and Carpinus is found in one out of the three sites. Fraxinus is the only genus present in the three sites even if its abundance is not significant (Table 3) . CCA analysis shows four predominant plant taxa in sites potentially favourable for beaver: Sorbus spp., Arctium, Artemisia vulgaris and Z. mays (Fig. 4b) . There was no difference in the number of plant taxa, mean vegetation cover and height between beaver sites and potentially favourable beaver sites (Table 4) . (Fig. 4b) . Fig. 4 Canonical correspondence analysis of sites potentially favourable for European beaver and coypu in the French Ardennes region. Acronym given in Table 2 . a Filled triangles are sites potentially favourable for European beaver in the Aisne River (N=3), filled circles are sites potentially favourable for coypu downstream the Meuse River (N=4) and hollow circles are all other sites in the study (N=22). b Triangles are plant taxa 
Discussion
The current situation
In most cases, beavers seem to select the widest available waterways, such as the Meuse River, which have banks high enough for burrowing, even though their cavities or huts could be used (Erôme 1982) . Wide waterways present two advantages for beavers: the water level is relatively constant compared to narrow waterways so that flood events and risk of damage to burrows is decreased; and water depth is greater than 50 cm, which is the minimum level required for beaver settlement (Müller-Schwarze and Sun 2003; Rosell et al. 2005) . However, variations in the annual water regime were not estimated here but could have consequences on beavers' food cache (Nolet and Rosell 1998) . Collen and Gibson (2001) showed that during the process of colonisation, beavers first choose the 'good' habitat. Beavers are currently colonising the French Ardennes, and the presence of five families in 2006 in the Meuse River indicates that this river probably constitutes preferred habitat (Leau and Léger 2006) ; the population is therefore expected to increase. By contrast, muskrats and coypus are less selective than beavers for habitat. Muskrats seem indifferent to the abiotic conditions of the waterway. The species is indeed found in wide and narrow waterways with high or low banks. The muskrat's ecological limits, such as fast-flowing streams, variations in water level, high water gradient, rocky banks, sandy soil, are localised in the northern part of the French Ardennes (Allen 1983; Nadeau et al. 1995) . The coypu can be found in waterways with low banks and use nests instead of burrows (Jouventin et al. 1996) . Our results confirmed the behavioural adaptability of muskrats and coypus, and their capacity to live in a variety of environments (Danell 1977; Messier et al. 1990; Jouventin et al. 1996; Corriale et al. 2006) . However, in the Ardennes region, the coypu is absent from several waterway sections within its distribution range despite seemingly suitable environmental conditions. This result could be explained by a low coypu density due to the local trapping rate or other variables not measured or not detected on a local scale. More than 140 herbaceous species are known to occur in the beaver's diet (review in Erôme 1982) , and most of the 186 plant taxa identified in this study are potentially consumed by beavers. E. angustifolium, L. pratensis and A. millefolium, particularly found in beaver sites, are likely consumed along with other herbaceous species in late spring and summer (directly observed on beaver sites) and could provide an important nutrient complement (Nolet et al. 1994; Ganzhorn and Hartum 2000) . But the staple diet consists of woody species consumed in the fall and winter (Rosell et al. 2005 ). In the Ardennes, Salix spp. and A.
glutinosa are widely present, Populus spp. is less represented and Fraxinus excelsior is abundant in every beaver site. Our observations on the presence of these four woody species are similar to those of Nolet et al. (1994) , Ganzhorn and Hartum (2000) and Collen and Gibson (2001) , who found them to be positively associated with sites selected by beavers. In their review, Collen and Gibson (2001) wrote that Alnus spp. is used principally for construction, and Betula spp. is less used than Salix spp. However, in the Ardennes, Betula spp. is always found in beaver sites, and Carpinus spp. seem to play a major role in beaver settlement. Pinaceae are also overrepresented in beaver sites, but this taxa is only occasionally consumed by beavers (Collen and Gibson 2001) . We cannot conclude that these woody species are positively selected by beavers because we did not study foraging behaviour. However, the relation between beaver settlement and the presence of these plant species is interesting. Other plants are less (or not) consumed by beaver (Rosell et al. 2005 ). In the muskrat and muskrat-coypu sites, there are no significant differences in abiotic and floristic characteristics and the two species can be found in the same environments, as already shown by Swank and Petrides (1954), Gosling and Baker (1989) and Baroch and Hafner (2002) . Plants, such as Poaceae, R. crispus and E. fluviatile, are found in both types of sites. According to the literature, muskrat and coypu diets are similar; the two species consume a large variety of plants where monocotyledons are predominant (Danell 1979; Willner et al. 1980; Abbas 1988; Borgnia et al. 2000; Guichón et al. 2003 ). There could therefore be a niche overlap for food between these two rodents in sites where they are both present. This phenomenon may be stronger in periods of food shortage such as winter, even if resources were not evaluated in this study. Muskrats and coypus can have a large impact on vegetation and abiotic environments when they occur at high densities (Connors et al. 2000; Higgins and Mitsch 2001; Curtet et al. 2008) . Protected or sensitive areas, e.g. Natura 2000 areas, must receive particular attention, and specific management plans must be implemented so as not to harm protected or native species (Prigioni et al. 2005; Panzacchi et al. 2007 ).
Predation pressure is low in the Ardennes and does therefore not seem to limit beaver, coypu and muskrat settlement. For American and European beavers, the main predator is the wolf (Canis lupus; Halley and Rosell 2002; Müller-Schwarze and Sun 2003) , but this carnivore is absent from the Ardennes, as are brown bears (Ursus arctos) and lynxes (Lynx lynx). Adult beavers therefore experience no predation pressure. Young beavers can be predated by badgers (Meles meles) and otters (L. lutra; Véron 1991), but in the first case, it is rare and there are no otters in the Ardennes. As in South America for the American beaver, the Ardennes are optimal for a beaver invasion, thanks to the low predation pressure and suitable resources (Anderson et al. 2009 ). In the same way, adult coypus do not have any predators in Europe, which is not the case in their native range (Jouventin et al. 1996) . There are cases of predation by dogs or otters but they are rare in France (Le Louarn and Quéré 2003) . Finally, muskrats can be preyed upon by red foxes (Vulpes vulpes), polecats (Mustela putorius), otters and birds of prey. However, predation pressure does not seem to have any effect on the muskrat population dynamic (Le Louarn and Quéré 2003) .
Following escapes and releases from fur farms, muskrats are widely spread in the French Ardennes region and throughout Belgium (Libois 2006) . Coypus arrived in the Ardennes in the 1990s and quickly colonised the region; only the northern part has not yet been affected (Léger 2007) . Moreover, in Belgium, coypus are not very frequent because of intensive trapping (Verbeylen 2002) . On the other hand, beavers were mainly reintroduced along the French-Belgian border, so the population regularly increases in the Ardennes and Belgium (Leau and Léger 2006; Libois 2006) . However, the colonisation of the Ardennes by beavers is recent and the species is therefore present on a low number of sites. Five families were installed on the Meuse River in 2006 (Leau and Léger 2006) . The difficulty was to find all the sites where the beaver was present. Moreover, some beavers were in marshes or closed waters (excluded of the study) and the accessibility of sampled sites was an essential factor. These elements will be taken into account in the interpretation of results and the conclusion.
Potential situations of colonisation and management
In the Ardennes, waterway width seems to be a major abiotic factor for beaver settlement. On the Aisne River, the second widest river of the Ardennes, bank slope could play a role in vegetation characteristics and is therefore an indirect abiotic factor for beaver settlement (Erôme 1982) . According to variables on present sites, potentially favourable sites for beavers exist in the Ardennes. Three plants, A. vulgaris, Sorbus spp. and Z. mays, can complete spring and summer diets (Erôme 1982) . However, Betula spp. and Carpinus spp. are not abundant. Consequently, if beavers colonise one of these sites, other woody species, i.e. Salix spp., Fraxinus spp. or Alnus spp., will have to make up the bulk of the winter staple diet (Collen and Gibson 2001) .
In potentially favourable coypu sites, the number of plants and their height are greater than in present coypu sites but may not constitute a limiting factor for coypu spread (Jouventin et al. 1996) . Severe winters and several consecutive days of subzero temperatures, which occur frequently in the northern part of the Ardennes, are limiting factors for the coypu (Doncaster and Micol 1990; Carter and Leonard 2002) . However, the presence of the species in similar conditions in Belgium reveals that coypus could nevertheless rapidly colonise the area. It is possible to eradicate coypus or muskrats but only in a few restrictive situations: in insular situation as in Great Britain in the 1980s, or when the populations are small and isolated, as in Lake Trasimeno in Italy (Gosling and Baker 1989; Velatta and Ragni 1991 in Panzacchi et al. 2007) . By contrast, an eradication campaign was carried out in an area with a high immigration rate and had no effect (Cocchi and Riga 2001 in Panzacchi et al. 2007) . One of the solutions is to maintain low densities, preferentially by trapping, to avoid widescale damage (Carter and Leonard 2002) .
Our results about potential favourable sites for the European beaver and the coypu can be discussed. First, all favourable sites could not be identified because favourable modalities for establishment of beaver and coypu are not completely known. Second, we cannot prove that the two species will colonise the sites that we identified, even if biotic and abiotic factors are promising. Third, time of spread is difficult to estimate. For example, the current situation of beaver has allowed us to calculate a dispersal rate of 4.7±2.6 km/year. This result was calculated on Meuse River between 1999 and 2007. However, according to other data, the European beaver is able to travel long distances in search of suitable territory: 37.6 km/year on Loire River in France (Fustec et al. 2001) . The invasion process of beaver is at its beginning in the French Ardennes and the answer to the question of when beaver will arrive in potentially favourable sites is difficult. Furthermore, only one part of potential favourable sites can be taken into account, those which correspond to sites that are accessible and with the same features as current known sites. Other sites with other features are probably potentially favourable but current knowledge cannot allow us to identify them. The beaver invasion comes from North, where favourable sites are occupied, and runs to South, where potentially favourable sites are present, and conversely for coypu. Only a population survey could tell us if beaver and coypu will choose potentially favourable sites selected in this study.
For the beaver and coypu, we suggest developing ecological monitoring (Carillo et al. 2000; Bisbal 2001 ). The management objective could be twofold: first, preserve the beaver population by identifying suitable sites for its settlement and barriers of spread; second, detect coypu arrival downstream, its present North limit on the Meuse River and limit its spread. For the beaver, the first step is to evaluate available riparian woods on the Aisne River. Modern tools, such as aerial pictures and GIS coupled with available land cover, give precise information, thus avoiding complete landscape assessment and reducing costs Maringer and Slotta-Bachmayr 2006) . The second step is to select the potentially most suitable sites considering abiotic parameters (slope, width, water depth, etc.) by field assessments and estimate the quantity and quality of woody species. Finally, the last step is to develop field surveys by regular observations on selected sites to detect the beaver's arrival and give recommendations to protect the species and its environment (Rosell et al. 2006) . If riparian woody species prove insufficient, ecological riparian restoration, by Salix spp. Plantations, for example, could be considered (Nolet and Rosell 1998; Pieret et al. 2008) . For coypus and muskrats, regular dusk and/or dawn observations should be done, associated with the detection of presence marks (Engeman and Whisson 2003) . If the coypu's presence is detected, trapping sessions should be carried out to remove the first individuals and quickly stop them spreading. Cage-traps will avoid the destruction of protected species, such as beavers, and could be used for muskrats too (Jouventin et al. 1996) .
Potentially favourable sites for beaver and coypu settlement often have woodlands with particular alluvial species, such as elm (Ulmus spp.), and are therefore included in Natura 2000 areas. Most of the aquatic Natura 2000 areas in the Ardennes have management programs based on the preservation of wetlands and streams, particularly to avoid bank and stream damage and to conserve associated species (plants, insects and fish). What could the consequences be if rodents settled in such sites? In high densities, coypus can reduce emergent plants, forming areas of open waters and interrupting the process of plant succession in freshwater marshes (Woods et al. 1992; Jouventin et al. 1996) . Furthermore, the grasing of muskrats can disturb riparian habitat structure and increase the predation of invertebrates by fish (Nummi et al. 2006) . Altogether, alien rodents could have strong negative effects on riparian biodiversity, especially in Natura 2000 areas. The beaver's activities modify the ecosystem but the species would function as a natural manager of the riparian environment, especially on woody species: cutting riparian trees allows the recurrence of plants, a better root development which consolidates banks, better shoots consumed by other species, such as ungulates, and provides habitats for birds (Rosell et al. 2005) . Beavers could be an additional argument for Natura 2000 protected areas as they are a key component in the restoration of the functioning of the riparian ecosystem. Although French law protects the European beaver, we should remain cautious. In French Ardennes, beaver have lost his native enemies, and its current impact on ecosystem could transform it into a pest as it is the case with the European wild rabbit (Oryctolagus cuniculus) in its native range (Lees and Bell 2008) .
More generally, an area where beavers may settle could become a protected area because of the species' status. Therefore, on a landscape scale, the spread of the species by aquatic corridors could create a real network of protected areas linked by water and allow global thinking about river management and conservation. We suggest considering beavers as a basic tool to develop ecosystem protection and conservation.
Conclusion
In the French Ardennes region, the presence of the common muskrat and coypu, two introduced species, and the reintroduction of the European beaver have changed the global viewpoint of scientists, managers and conservationists. This study is a first step towards better understanding of the interactions between these three species of aquatic rodents. We tried to explain the paradoxal situation of these three species, proposed a scenario for the future and suggested management strategy. However, other scenarios are possible, especially if colonisation of one or other of these three species is stopped in the coming years by lack of suitable sites. The results of this study were limited by the number of sample sites. Future research should include greater number of sampling sites. If possible, density or relative abundance of rodent species should also be measured. This study was undertaken in spring and summer 2007. It would be interesting to study rodent interactions in winter when resources are scarce. Collective efforts are necessary to develop ecological management tools for biodiversity conservation and the fight against introduced species. These actions must incorporate managers, conservationists and local communities on a large spatial scale to respond to the widespread invasion process. Ecological studies are also essential in protected areas in order to find out the real impact of rodents on ecosystem functioning and to understand interspecific interactions between muskrat, coypu and beaver. It would be particularly valuable to investigate how muskrat and coypu can interfere with habitat requirements of beaver. Food competition in summer and or perhaps the digging behaviour of coypu could affect physical habitat of beaver. Unfortunately, there is a lack of studies on aquatic rodent interactions, especially between beaver and coypu. The hypothesis that beaver could be used as a natural tool in maintaining low density in coypu populations should be tested, using a niche overlap effect, following an integrated management plan. Physical conditions of female coypu could be spoiled by the presence of high density of beavers. Similar research findings were found by Eccard and Ylonen (2002) on other rodents. Indeed, anecdotal observations in France showed that coypus avoid beavers when they swim in the opposite direction (ONCFS, personal communication) . Beaver scent marking (castoreum) on coypu presence, first in captivity and then in situ, could be tested using the methods of Rosell et al. (1998) and Rosell and Bjørkøyli (2002) . Finally, capture-mark-recapture could be used to evaluate relative abundances of beavers and coypus in different regions of France.
